Abstract. The foamed concrete (500 kg/m 3 and 800 kg/m 3 ) was produced by physical foaming using ordinary Portland cement (P.O 42.5R), vegetable protein foaming agent, fly ash from power plant and fly ash cenospheres (FACs) as raw materials. The air-void structure and the hydration products of the samples were characterized by SEM, XRD and other testing methods. The influence of standard curing, immersed curing with saturated Ca(OH) 2 water solution, water spray curing and air curing on the strength and pore wall density of hardened foamed concrete were explored. The results showed that the lower the relative humidity in the curing process was, the more porous existed in the pore wall of the foamed concrete. The relative humidity imposed large influence on the compressive strength of the low-density foamed concrete, which was contrary in case of high-density foamed concrete. The compressive strength of the foamed concrete mixed with FACs was largely enhanced and the FACs played a more important role in the improvement of the strength of the low-density foamed concrete than that of the high-density foamed concrete.
Introduction
Featuring light weight, good insulation performance and perfect applicability for construction, foamed concrete is widely applied in the fields such as wall insulation system, backfilling for pipeline trenches, core members and roadbed treatment [1] . So far, foamed concrete becomes one of the hot focuses of building materials research [2] [3] [4] [5] [6] .
Comparing with the ordinary concrete, foamed concrete mainly made up of cement and bubbles, without any coarse aggregates (the largest difference) in terms of components [7] . The curing condition has obvious influence on the hydration process of cement-based materials, and further influence on the development of pore structure, mechanic performance and permeability of materials. To a certain extent, it also determines the durability of cement-based materials [8] . Currently, the compressive strength of foamed concrete reported by researches is primarily the standard curing strength [2] [3] [4] [5] [6] 9] . However, the standard curing strength of the sample is obtained under the standard curing conditions which cannot represent the concrete strength in the actual works, as it is not able to reflect the temperature and humidity changes in the actual curing conditions. In actual construction, concrete products are probably exposed to the outdoor natural environment. The commonly used curing methods in construction include water spray curing, natural curing and covered curing.
In this paper, four kinds of mix proportions were designed. The influence of standard curing, immersed curing with saturated Ca(OH) 2 water solution, water spray curing and air curing on the phase composition, pore wall density and compressive strength of the foamed concrete was studied.
1. Experimental
Materials
The cement used in this study was ordinary Portland cement (P.O 42.5R, in accordance with Chinese standard, GB 175-2007), provided by Deyang Lisen Cement Plan, the physicals properties of cement was listed in Table 1 . Fig. 1 (a) showed the particles size and surface morphology of the cement. Vegetable protein foaming agent was provided by Sichuan Xing Han Corrosion Protection Engineering Co., Ltd. Level I Fly ash was provided by Jiangyou Thermal Power Plant. The physicals properties of cement were listed in Table 2 and Table 3 . Fig. 1 (b) showed the particles size and surface morphology of fly ash. FACs was bought on internet, with the compressive strength of 27.7 MPa, the primary physical and chemical characters were listed in Table 3 . Fig. 1 (c) showed the particles size and surface morphology of FACs. 
Preparation
All the specimens were prepared in the laboratory in a 15 dm 3 mixer. Detailed specific sequences described as below.
(1) Diluted foaming agent and water at the ratio of 1:15 and carried out physical foaming with the foamer.
(2) Added cement, fly ash, FACs and water (Table 4) into the mixer by mixing 2 min. The relative viscosity of each fresh concrete was measured immediately after mixing. Added proper amount of foam and mix for 2 min until well-blend slurry were formed.
(3) The slurry was molded into 100 mm× 100 mm×100 mm and leveled by a steel ruler, and then specimens were placed in a room with a temperature of 20 ± 2 °C and a relative humidity (RH) of 60%. The specimens were removed from the molds after 24 h and cured for 28 d in different methods according to Table 5 . 
Test methods
The absolute dry density of the samples was measured according to the Chinese Foamed concrete standard (JG/T 266-2011). The compressive strength of test specimens was measured with a loading rate of 200 N/s by a full-automatic constant stress testing machine (JYE-300A, Beijing Jiwei Testing Instrument Co., Ltd., China). The microstructures of the specimens were determined using a scanning electron microscope (SEM, Hitachi JSM-7500F). The mineral phases of the samples were identified using X-ray diffraction (XRD, DX-2600). Fig. 2 shows the XRD patterns of specimens in different curing conditions for 28 d. The hydration reaction of the cement takes water as the reactant. During the standard curing, Ca(OH) 2 curing and water spray curing, a large amount of moisture concentrates on the surface and core of the sample due to the high humidity, which ensures the sufficient hydration of cement clinker. As a result, the products are mainly Ca(OH) 2 and a few CaCO 3 , hydrate of CaCO 3 and SiO 2 [ Fig. 2 (a) , (b), (c)]. However, during the air curing, because the low relative humidity (less than 80%) and the large porosity, the internal moisture in the foamed concrete samples is easy to evaporate, leading to that the Ca(OH) 2 formed in the preliminary period can react fully with CO 2 in the air and generates a large amount of CaCO 3 [ Fig. 2(d) ]. Fig. 3 shows the SEM images of 500 kg/m 3 specimens in different curing methods. According to Fig. 3 (a) and (b), during the standard curing and Ca(OH) 2 curing, the pore wall is dense and the porosity is not found at the bottom of pores. It's because in the high-humidity curing condition, the internal relative humidity of foamed concrete is high; the shrinkage stress is small. Thus, the interfacial transition zone has few microcracks. As shown in Fig. 3(c) , with the decreasing curing humidity, a few unconsolidated structures emerge at the bottom of pores. In Fig. 3 (d) , the unconsolidated structures at the bottom of pore wall is evident. It's because the low-humidity curing condition not only reduces the speed of hydration of cement and the concrete strength, but also increases the drying shrinkage stress of concrete [10] . As a result, the low strength is not able to resist the large shrinkage stress, generating more unconsolidated structures inside the foamed concrete. So, the lower the humidity is, the more obvious the unconsolidated structures. Table 6 shows the 28 d compressive strength of samples in different curing conditions. According to Table 6 , the compressive strength of 500-FA, 500-FAC, 800-FA and 800-FAC is 2.42 MPa, 3.38 MPa, 7.62 MPa and 9.21 MPa in the standard curing, respectively. And in Ca(OH) 2 curing, the compressive strength of each sample has a similar value with the standard curing. The reason is that the standard curing and Ca(OH) 2 curing both provided high relative humidity, and the foamed concrete has a large porosity, sufficient water is thus provided to the inside and surface of the samples during the curing process for sufficient hydration of cement. In comparison, during water spray curing and air curing, hydration is not sufficient due to low relative humidity. Thus, the 28 d compressive strength of each sample reduces gradually. Table 7 shows the comparative analysis of 28 d compressive strength of foamed concrete in different curing conditions. According to the specific value of the compressive strength in different curing conditions with that of the standard curing, the 28 d compressive strength of 500-FA and 500-FAC during air curing only reach 87.2% and 80.5% of that of the standard curing. Because the relative humidity in air curing is 60%, the free water inside the foamed concrete evaporates to the air, leading to the water deficiency state inside the foamed concrete. As a result, the hydration reaction of cement is constrained, and the 28 d compressive strength reduces evidently. However, during air curing, the 28 d compressive strength of 800-FA and 800-FAC reach 95.5% and 94.7% of that of the standard curing. That is because the sample of 800 kg/m 3 is denser than the sample of 500 kg/m 3 , and the porosity is lower, the water brought into the sample during the production process is easily kept inside the sample for providing unconsolidated structures unconsolidated structures more water for cement hydration. Thus, its compressive strength is closer to that of standard curing. In the water spray curing, the 28 d compressive strength of sample 500-FA, 500-FAC, 800-FA and 800-FAC reach 91.7%, 92.0%, 96.6% and 95.7% of that of standard curing, respectively. Moreover, the above statistics indicate that relative humidity has small influence on the compressive strength of high-density foamed concrete, but large influence on the compressive strength of low-density foamed concrete. In the actual construction, relative humidity should be more than 80% for the curing of foamed concrete. According to Table 6 , it is also found that, when mixed with FACs, the compressive strength of foamed concrete is largely increased no matter in which curing method. In the standard curing, the compressive strengths of 500-FAC, 800-FAC increased by 39.7%, 20.9% than that of 500-FA, 800-FA, respectively. Similarly, in the water spray curing, the compressive strengths of 500-FAC, 800-FAC increased by 40.0%, 19.7% than that of 500-FA, 800-FA, respectively. When mixing FACs into the foamed concrete, the FACs are compactly wrapped by the hydration products of cement, and some micro-pores generated in the cement hydration process are filled in by high-strength, surface-compact FACs (Fig. 4) . Thus, the compressive strength of foamed concrete improves. In addition, another conclusion is made as that FACs impose larger influence on the improvement of strength of low-density foamed concrete than that of the high-density foamed concrete. As the amount of cement in the low-density foamed concrete is less and the amount of foam is more (Table  4) , and the pore wall is thinner than that of the high-density foamed concrete. So, the densely structured FACs evidently enhance the strength of foamed concrete. (a) ×500 (b)×5000 Figure 4 . SEM images of the pores wall of 500-FAC with standard curing.
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Conclusions
(1) The low-humidity curing condition reduces the speed of hydration of cement and the concrete strength, generating more unconsolidated structures inside the foamed concrete. The lower the humidity is, the more obvious the unconsolidated structures are.
(2) In the standard curing, the 28 d compressive strength of 500-FA, 500-FAC, 800-FA and 800-FAC is 2.42 MPa, 3.38 MPa, 7.62 MPa and 9.21 MPa, respectively. During air curing, the 28 d compressive strength of 500-FA, 500-FAC, 800-FA, and 800-FAC reach 87.2%, 80.5%, 95.5%, and 94.7% of that of the standard curing, respectively. In water spray curing, the 28 d compressive strength of sample 500-FA, 500-FAC, 800-FA and 800-FAC respectively reach 91.7%, 92.0%, 96.6% and 95.7% of that of standard curing. In the actual construction, relative humidity should be larger than 80% for the curing of foamed concrete.
(3) When mixed with FACs, the compressive strength of foamed concrete is largely increased. In the standard curing, the 28 d compressive strengths of 500-FAC and 800-FAC increase by 39.7% and 20.9% than that of 500-FA, 800-FA, respectively.
